Although information about the hydrologic and ecological features of lowland evergreen forests in central Cambodia has been collected since the beginning of the 21st century, measurements of the transpiration process remain very limited. This paper describes the differences detected in transpiration (q) and crown-level stomatal conductance (G S ) between Calophyllum inophyllum (which undergoes successive leaf exchange) and Drypetes sp. (which performs irregular leaf exchange) (hereafter referred to as Calophyllum and Drypetes, respectively), and the analysis of these differences in consideration of their contrasting leaf phenologies. We evaluated q using sap f low measurements and obtained daily G S values. Calophyllum and Drypetes had high and low periods between which q and G S differed significantly. Within high/low periods, smaller scatter in the plot of G S versus vapour pressure deficit (D) was found in Calophyllum compared to Drypetes. For a given value of D, q in high periods was 1.3 and 1.9 times larger than in low periods for Calophyllum and Drypetes, respectively. The smaller scatter for Calophyllum was the result of relatively constant physiological activity that was maintained by successive leaf fall. For both species, high periods were recorded after remarkable leaf-fall events; thus, our current data implied that leaf phenology is one of the most important factors affecting transpiration.
Introduction
In Cambodia, forests occupy 57% of the total land area, a percentage higher than in Thailand (37%), Vietnam (44%), and Myanmar (48%) 13 . Cambodia still retains forests in its lowland plains, unlike Thailand and Vietnam, where remaining forests are mostly found in mountainous areas 43 . Located on the Indochina Peninsula, Cambodia has distinct wet and dry seasons characteristic of the Asian monsoon. Although the dry season includes a few months of very little rainfall, evergreen forest is distributed in the central lowland area. The FAO (2010b) reported that evergreen forest makes up 34% of the total forest area of Cambodia. However, few studies have examined the hydrologic and/or environmental processes in evergreen forests. Intensive observations were thus recently initiated to acquire in-depth knowledge about related hydrologic and ecological features 37 . Araki et al. (2007a) reported that soil water content in an evergreen forest is higher than in a deciduous and mixed forest during the dry season. Moreover, the soil matrix potential near the surface in the evergreen forest exceeds -80 kPa during the dry season 3 . The layer of soil in the evergreen forest is about 10-m thick 31 and significantly larger than that in a deciduous forest 30 . The soils in the evergreen forest also have a higher percentage of fine pores compared with those in the deciduous forest 44 . These characteristics result in a larger capacity to retain water in the soil even during the dry season, and evergreen trees can maintain water uptake through root systems that reach 9-m depths 31 . The annual evapotranspiration of Cambodia's evergreen forests, estimated using the energy-balance Bowen ratio method and water balance, was about 1100-1200 mm, corresponding to 70-80% of annual rainfall 19, 28 . Evapotranspiration is essential to understand the hydrologic cycle in evergreen forests. Tamai et al. (2008) applied the Jarvis-Stewart model 39 to Cambodia's evergreen forests and confirmed that this model well describes the environmental responses of surface conductance. Kenzo et al. (2012) revealed that leaf morphological traits have simple and significant relationships with tree height in Cambodia's dry evergreen forests. However, no previous study had examined the transpiration processes by using sap flow techniques, which examine one of the most important sources of evapotranspiration 45 . The environmental response of stomatal conductance (G S ), which is important in controlling transpiration, is also unknown. Natural evergreen forests in Cambodia have multilayered canopies and contain many tree species 38 . To estimate transpiration and understand the responses of G S to environmental factors at the forest scale, we must obtain the characteristics of transpiration for many species comprising these complex forests. Calophyllum inophyllum and Drypetes sp. (hereafter referred to as Calophyllum and Drypetes, respectively) are dominant species in the riparian zones of evergreen forests in central Cambodia. Calophyllum undergoes successive leaf exchange while Drypetes performs irregular leaf exchange; thus, the difference in leaf phenology between the two species probably results in different seasonal courses of transpiration (q) and crown-level stomatal conductance (G S ). If a difference in G S exists between Calophyllum and Drypetes, the response of G S to vapour pressure deficit (D) 32 would also differ between the two species. We carried out sap flow measurements on Calophyllum and Drypetes growing in riparian zones over a period of 44 months. We detected differences in the seasonal changes in q and G S between Calophyllum and Drypetes, as the objective of this study was to determine whether differences in leaf phenology caused the different seasonal courses in q and G S between the two species. We also analysed the effects of different leaf phenologies on the response of G S to D.
Materials and methods

Site description
We conducted measurements in an area located about 30 m south of a 60-m tower set up in the lowland evergreen forest, Kampong Thom Province, Cambodia (12°44'N, 105°28'E) 28, 38 . Annual rainfall was 1565.4 mm with mean air temperature of 26.4°C from November 2003 to October 2004 28 . Cambodia has wet and dry seasons, with the wet season usually extending from mid-May to mid-October 26, 29 . Although the actual onset and withdrawal of wet seasons differ somewhat from year to year, our following analysis would not be affected. For simplicity, we regarded the wet season as occurring from 1 May to 31 October. There is a stream to the south of the observation plot, where the soil is very wet 4 . The observed stand has a distinct, multilayered and closed canopy, with overstory (> 20 m), secondary story (10-20 m), and lower story (< 10 m) layers 38 . The emergent tree species (with a height > 40 m) is Myristica iners, and the main species in the overstory layer are Calophyllum and Drypetes.
Measurements of sap flux density
We selected one tree of Calophyllum and one tree of Drypetes, and then measured their sap flux densities (F D ). We inserted a pair of Granier-type thermal dissipation probes 15 into each test tree. We used commercially produced sensors (type M sap-flow sensor; UP Gmbh, Cottus, The diameters at breast height (DBHs) of Calophyllum and Drypetes were 23.9 and 25.8 cm, heights were 22.8 and 24.7 m, and crown projection areas (CPA) were 14.4 and 33.6 m 2 , respectively. Calophyllum and Drypetes are diffuse porous species, with sapwood widths of 3.0 and 2.0 cm, and corresponding sapwood areas (SA) of 171 and 137 cm 2 , respectively, based on wood core sampling with an increment borer. The transpiration of a tree (q) can be calculated by using the following equation:
where, F D is the weighted mean value of F D over SA. Because the sensor was 2.0 cm in length, it was inserted to a depth of 0 to 2.0 cm and could detect F D for Drypetes, but not for Calophyllum because its sapwood width is 3.0 cm. We inserted another sensor to a depth of 2.0 to 4.0 cm for Calophyllum. This deeper sensor contacted the heartwood (i.e. at a depth of 3.0 to 4.0 cm) and we applied the correction proposed by Clearwater et al. (1999) .
Measurement of environmental factors and observations of leaf phenology
The downward shortwave radiation (S, type CM3; Kipp & Zonen, Delft, The Netherlands) and rainfall (P, type RG-2M; Onset Computer, Bourne, MA, USA) were measured at the top of the tower. Air temperature (T a ) and vapour pressure deficit (D) were also measured on the tower with a ventilated psychrometer (type MH-020T; Eko Instruments Co. Ltd., Tokyo, Japan) at a height of 34 m. The depth of the groundwater table has been manually measured each day near the site with a buzzer-type measuring tape since 2004 (well 2; Araki et al., 2008) , but data for 2010 were lacking. The missing data were filled in based on estimates derived from the relationship between the voltage outputs of a dielectric probe (type ECH2-10; Decagon Devices, Pullman, WA, USA) inserted 10 cm below the soil surface and the measurements of groundwater table depth (R 2 = 0.85). Litter was collected around Calophyllum and Drypetes three times per month, and then oven-dried and weighed. Leaf phenology was assessed from intact and detached branches several times per year.
Calculation of crown-level stomatal conductance
and its response to vapour pressure deficit Aerodynamic conductance can be calculated by using the zero-plane displacement height and roughness length of this site 40 , and surface conductance can be estimated from the Jarvis-Stewart model, as confirmed by data measured at this site 41 . We calculated the decoupling factor 27 (Ω) from estimated aerodynamic and surface conductances, and obtained daily mean Ω in the range 0.1 to 0.3. This stand is well coupled with the atmosphere, so we can calculate crown-level stomatal conductance as:
where, γ is the psychrometric constant, λ the latent heat of vaporisation, E the single tree transpiration as q/CPA 21 , C P the specific heat of air at constant pressure, and ρ the density of moist air. Note that G S was calculated as a daily average using mean D during daylight (i.e. duration when S > 0 W/m 2 ), thermodynamic variables based on daylight mean air temperature (T A ), and E summed over 24 h, but divided by daytime only 23, 33 . To minimise the effect of very small D caused by rainfall on G S , we excluded rainy days from the following analyses. We evaluated the response of G S to D by using the following equation 32 : Results and discussion
Observations of detached sample shoots and seasonal changes in leaf fall
In this study, we defined the period from November of one year to April of the next year as the dry season for that year (Fig. 1) . The magnitudes of leaf fall for Calophyllum and Drypetes were generally higher in dry seasons than in wet seasons (Fig. 1) , but the following differences between both species were derived from seasonal changes in leaf fall and in situ observations of intact and detached branches.
The successively leaf-exchanging Calophyllum flushed new leaves throughout the year, induced by continuous partial leaf shedding (Fig. 1A) . Continuous leaf-exchange was also suggested by vagueness of the boundary on a branch that separated different durations of shoot elongation. Most detached branches had leaves at various phenological stages (e.g. young, light-green leaves; mature, dark-green leaves; senescent, yellowish leaves). As a result, Calophyllum only showed slight seasonal changes in leaf age composition in the crown, but rarely year-to-year changes. However, the degree of leaf shedding by Calophyllum during the dry season in 2009 was higher than that in the dry season in 2008 (Fig. 1A) .
In contrast, the irregularly leaf-exchanging Drypetes displayed irregular leaf-shedding behaviour (Fig. 1B) . Relatively homogeneous leaf ages were found on detached branches, suggesting that simultaneous flushing occurred in elongating shoots. Moreover, boundaries on a branch were often abrupt, and shoot units elongated simultaneously, showing various degrees of senescence among detached sample shoots. This suggests that very irregular leaf exchange occurs in Drypetes, in which branches often cease elongation and flushing for several years, and thus retain old leaves. In short, Drypetes displayed wide year-to-year changes in crown-leaf age composition, and seasonal changes could not be predicted. Although Drypetes shed most leaves in the dry season, a large degree of leaf shedding was observed in the wet season in 2009 (Fig. 1B) .
The two study species displayed contrasting vegetative phenologies. Because Drypetes is an irregularly leafexchanging species, the remarkable shedding observed in the wet season in 2009 was probably reasonable. For example, although Drypetes floribunda and Drypetes parvifolia flushed leaves in the wet season in Ghana, almost no trees flushed leaves in the wet season of the following year 24 . However, the successively leaf-exchanging Calophyllum primarily shed leaves in the dry season in 2009. These remarkable leaf-exchange events in the two species imply significant differences between them in q and G S .
Year-to-year differences in seasonal courses of environmental factors and q
The maximum S was almost constant among dry and wet seasons throughout the observation period; a higher S was common in the dry season due to the larger number of cloudless days compared with the wet season ( Fig. 2A) . D during the wet season was clearly smaller than in the dry season, and the highest D for the whole period was 2.5 kPa in March 2010 (Fig. 2B) . Evaporative demand was higher in the dry than in the wet season. The more obvious seasonal courses of D compared with S were similar to observations in Thailand 42 . Large year-to-year differences in P were observed: P during the wet season was 1877. . Although large year-to-year differences in P were measured, the groundwater table was less than 40 cm below the soil surface (Fig. 2D) , and the soil was wet throughout the experiment. From September to February (corresponding to the late wet season to mid-dry season), the groundwater table rose above the soil surface (Fig. 2D) , and water was frequently found in concave areas on the forest floor.
The daily q for Calophyllum and Drypetes was higher on fine days when S and D were higher (Figs. 2E, F; 3) . Day-to-day differences in q were larger in the wet season than in the dry season because daytime P reduced S and D, and resulted in small q. Calophyllum had relatively constant peak q for a few months regardless of season, from 2007 to 2009 (Fig. 2E) . Although q of Calophyllum was higher in 2010 than in other years (Fig. 3A) , similar constant peak q was obtained in 2010 (Fig. 2E) . On the other hand, there were large and significant differences in q in Drypetes (Figs.  2F, 3B) , and G S decreased with increasing S (Fig. 4A, C) . There was a high positive correlation between S and D (R 2 = 0.78), with D increasing on cloudless days. A decrease in G S was caused by stomatal closure related to a larger D (Fig. 4B, D) . For these two species, when S > 200 W/m 2 , the effect of S on G S was small and D mainly determined G S .
G S decreased linearly with increasing lnD (Fig. 4B, D) . The larger q of both species resulted in a higher G S for Calophyllum in the dry and wet seasons in 2010, and for Drypetes in the wet season in 2008 and the wet and dry seasons in 2010. We named these periods 'high'. We obtained m and G Sref for Calophyllum during high periods of the dry and wet seasons in 2010:
and during 'low' periods:
For Drypetes, we obtained the next equation for high peri- 
and in low periods:
The differences in m and G Sref between high and low periods were significant for both species (ANCOVA, P < 0.01).
Because Calophyllum exchanged leaves throughout the year and had short-lived leaves, small seasonal changes in the leaf age composition in the crown probably resulted in relatively constant physiological activity 7 . As a result, we found that Calophyllum had similar G S values with a given value of D within high/low periods (Fig. 4B) . In contrast, Drypetes underwent irregular leaf exchange and thus had a crown composed of relatively similarly aged leaves. Its physiological activity probably changes over shorter periods, such as a few months, and larger scatter in the relationship between G S and D was found within high/low periods (Fig. 4D) . High periods observed after the occurrence of remarkable leaf fall in Calophyllum and Drypetes strongly suggest that the differences in q between high and low periods were the result of changes in G S caused by large The relationship between G S scaled by G Sref for each period (G S /G Sref ) and lnD was similar, irrespective of period and species (Fig. 5) .
Here, m/G Sref = 0.52, the absolute value of the slope in Equation 8 , and is similar to m/G Sref ≈ 0.6, which has been reported for a range of tree species 1, 10, 11, 16, 32 . The ratio m/ G Sref ≈ 0.6 results from the regulation of minimum leafwater potential to prevent excess xylem cavitation 11, 12, 32 . Drypetes and Calophyllum controlled their minimum leaf potential irrespective of high/low periods to prevent any damage that would be induced by higher D in dry seasons due to the rapid decreases in G S that occur with increasing D.
We assumed two simple cases: that a whole year is covered by a high period or a whole year is covered by a low period, and then determined the differences in q between both cases. The clear relationship between G S /G Sref and lnD allows the simple estimation of G S from only G Sref , and thus q for a given value of D can be calculated from only G Sref . If a high period continued for a whole year, q of Calophyllum and Drypetes would be 1.3 and 1.9 times larger, respectively, than that in a year that was completely encompassed by a low period.
Cues determining remarkable leaf fall and high/low
periods The huge leaf fall in Calophyllum during the dry season in 2009 (Fig. 1A) , which probably drove the differences in G S and q between high and low periods (Figs. 2E, 3A , 4B), could be related to smaller P in the dry season in 2009 compared to other years (Fig. 2C) . At this site, the soil water condition was rich (Fig. 2D ), but we recorded very high D > 25 kPa in the dry season in 2009 compared with other dry seasons, as caused by the small P (Fig. 2B) . Our current data imply that the cue determining high/low periods for Calophyllum was probably an extremely small P, which resulted in a very high D in the dry season.
Drypetes had high periods after leaf shedding in the 2009 wet and dry seasons (Figs. 1B, 2F) . Focusing on the wet seasons, the environmental conditions in 2008 and 2010 were similar to those in 2007 and 2009 (Fig. 2) , but high periods were measured only during the 2008 and 2010 wet seasons. In addition, even in the 2010 wet season, when soil conditions were episodically dry (Fig. 2D) , Drypetes had a high period, and q and G S were similar to those in the 2008 wet season (Figs. 2F, 3B, 4D ). At present, we cannot estimate the cue that determines remarkable leaf exchange events, resulting in high and low periods, for Drypetes.
Some literature suggests that in tropical evergreen forests, the cues for leaf expansion and leaf fall are day length, air temperature, D, and S
9
. However, the observed remarkable leaf fall in Drypetes in the wet season was not completely explained by environmental factors (Figs. 1B, 2) . The results suggest that endogenous whole-plant control, rather than environmental factors, is the cue for leaf phenology 5, 6, 34, 35, 36 . At our site, it is possible that endogenous control was more important as a cue than environmental factors. We measured q and obtained G S for only one tree of Calophyllum and one tree of Drypetes. Tree-to-tree differences in the degree of flushing within Drypetes floribunda and Drypetes parvifolia were observed in a dry tropical forest in Ghana 24, 25 . Although the high/low periods defined by changes in q and G S were correlated with observed data for leaf fall, adding sample trees is highly recommended for future studies to confirm tree-to-tree differences in seasonal trends in q and Gs within the species, and to identify cues that determine remarkable leaf exchange for both species.
Conclusions
We measured q and G S in two tree species, the successively leaf-exchanging Calophyllum and the irregularly leaf- exchanging Drypetes, based on sap flow measurements made in a lowland evergreen forest in central Cambodia.
Calophyllum and Drypetes had high and low periods between which q and G S differed significantly. High periods occurred after remarkable leaf fall events in both species and probably resulted from high physiological activity in crowns composed of younger leaves.
Within high/low periods, smaller scatter in the plot of G S versus D was found in Calophyllum compared with Drypetes, and this pattern corresponded with leaf phenology. Calophyllum sheds leaves successively, and its physiological activity could be relatively constant. Conversely, because Drypetes exchanges leaves irregularly, its leaf-age composition is relatively homogeneous, and the response of G S to D changes gradually within high/low periods.
A clear relationship between G S scaled by G Sref and D was found irrespective of species and period. We obtained m/G Sref = 0.52, which suggests that both species control the minimum value of leaf water potential to prevent excess xylem cavitation under high D in dry seasons. For a given value of D, q was determined using only G Sref and was 1.3 and 1.9 times larger in high periods than in low periods for Calophyllum and Drypetes, respectively.
Our current data, which were collected from one tree of Calophyllum and one tree of Drypetes, imply that the cue for remarkable leaf fall events in Calophyllum was episodically smaller amounts of P, which resulted in extremely high D in the dry season. However, the cue for Drypetes cannot be estimated from our current data. Adding sample trees and maintaining measurements during long-term observations (i.e. > 5 years) are highly recommended to confirm tree-to-tree difference in q and Gs within species, and to determine the primary cue that causes remarkable leaf fall.
